Introduction
Cdc42 is a member of the Rho family of small GTPases, which function as molecular switches, transitioning from an inactive GDP-bound form to an active GTP-bound form in response to diverse signals [1] . The activation status of Cdc42 is tightly regulated by a variety of interacting proteins including guanine nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs) and guanine nucleotide-dissociation inhibitors (GDIs) (Fig. 1) . Upon stimulation of cell surface molecules such as receptor tyrosine kinases, G-protein coupled receptors, cytokine receptors and integrins, GEFs mediate the exchange of GDP for GTP resulting in Cdc42 activation [1] . Once activated, Cdc42 can interact with a variety of downstream effectors leading to their activation, usually through induction of conformational changes which alleviate autoinhibitory interactions within the effector molecules [1] [2] [3] . The ability of Cdc42 to interact with and stimulate effector signaling is terminated when the bound GTP is hydrolyzed to GDP. Whereas the intrinsic GTPase activity of Cdc42 is low, Rho GAPs recognize the GTP-bound form of Cdc42 and enhance its intrinsic GTPase activity, facilitating the return of Cdc42 to its inactive form [4] . Separately, Rho GDIs may function to sequester GDP-bound Cdc42 and extract it from membrane organelles, thereby preventing its activation [5] . Collectively, the Rho GEF, GAP, and GDI families of regulators control the spatially and temporally dynamic process of Cdc42 activation by regulating GDP-GTP exchange, GTP hydrolysis and subcellular localization.
Cdc42 was originally identified in S. cerevisiae as a mediator of cell division through the regulation of bud site selection and subsequent bud formation [6, 7] . Since its original discovery, Cdc42 has been found to influence a variety of signaling events and cellular processes in a myriad of organisms from yeast to mammals [8] (Table 1 ). Efforts to identify downstream effectors of Cdc42 have revealed a number of kinases such as PAKs, MLKs, and MRCKs as well as scaffolding proteins such as Par6, WASP, and IQGAP that are directly regulated by Cdc42 activity [1, 9] . The plethora of effectors activated downstream of Cdc42 set in motion a variety of signaling cascades initiating changes in cellular processes including cell polarity, cytoskeletal remodeling, proliferation, migration, adhesion, membrane trafficking, and transcription [9, 10] . It is clear that tight regulation of these cellular processes by Cdc42 is important for normal cell function and their deregulation has been associated with a number of pathological conditions [11, 12] . Recent gene targeting studies in mouse models have revealed complex signaling roles of Cdc42 that are likely stimuli-and tissue cell type-specific under physiological conditions [13] .
Loss or gain of Cdc42 in certain tissue cell types in mice can manifest pathologic phenotypes mimicking disease states such as holoprosencephaly, myeloid proliferative disease, lymphopenia, anemia, and premature aging (Table 1) [13] . Likewise, deregulation of Cdc42 has been associated with several human disease states and/or developmental disorders. For example, faciogenital dysplasia is an inherited, X-linked disease characterized by short stature and craniofacial abnormalities, which results from mutations of the Cdc42 GEF, FGD1 [14] . In Fanconi Anemia, a genetic disorder characterized by a number of hematological abnormalities, defects in patient hematopoietic stem/progenitor cell adhesion and homing are attributed, at least in part, to deregulation of Cdc42 activity [15] . Significantly, accumulating evidence has implicated deregulated Cdc42 activity in cell transformation, cancer development and metastasis. Of the multitude of pathologic conditions in which Cdc42 signaling may be involved, the current review will focus on the involvement of Cdc42 in cancer.
Cdc42 as a putative oncoprotein

Cdc42 activation in cell transformation
Activation of Cdc42 results in the stimulation of a variety of signaling cascades altering cellular processes such as cytoskeletal remodeling, establishment of cell polarity, regulation of cell migration and cell proliferation, as well as modification of transcriptional programs. As such, it is not surprising that inappropriate activation of Cdc42 has been shown to be oncogenic [16, 17] . Several mutations in the Cdc42 protein including Cdc42Q61L and Cdc42G12V, which represent constitutively activated mutations, and Cdc42F28L, which exhibits spontaneous and accelerated cycling between the GDP-and GTP-bound states, are capable of inducing foci formation and/or anchorage-independent growth in immortalized fibroblasts [16, 17] . Interestingly, while the fast-cycling Cdc42F28L mutant readily transformed NIH 3T3 cells [16, 17] , constitutively active mutants, which are defective in GTP hydrolysis and effectively locked in the active state, appeared to hinder cell growth [18] but promote foci-formation on soft agar [18] . It is important to note that, unlike the Ras oncoprotein, to date no activating Cdc42 mutations have been detected in human cancer [19] . This is consistent with the observation that Cdc42G12V overexpression actually confers a growth disadvantage and suggests that, unlike Ras, the transforming potential of Cdc42 is dependent on its ability to dynamically cycle between GDP-and GTP-bound states. Alternatively, it may suggest that requirements for Cdc42 activity may fluctuate throughout the process of tumor progression and that constitutively elevated Cdc42 signaling can be advantageous to the tumor cell growth at one stage yet disadvantageous at another.
While mutations in the cdc42 gene have not been detected in human cancers, Cdc42 has been reported to be overexpressed in several types of human cancers including non-small cell lung cancer [20] , colorectal adenocarcinoma [21] , melanoma [22] , breast cancer [23, 24] and testicular cancer [25] . One study in melanoma reported that overexpression of Cdc42 positively correlated with prognostic indicators, suggesting that elevated Cdc42 level may be detrimental to patient survival [22] . While these initial studies seem to implicate elevation of Cdc42 in a variety of human cancers, further supporting the notion that Cdc42 acts as an oncogene, more studies are needed to determine the feasibility and therapeutic benefit of targeting Cdc42 in human disease.
The mechanisms by which Cdc42 activation contributes to oncogenesis, including what signaling pathways activated downstream of Cdc42 are essential for the induction of cellular transformation, have been under active investigation. In yeast, Cdc42 is known to be required for cell division. Similarly, Cdc42 has been shown to be involved in In response to stimulatory signals, activated GEFs catalyze the dissociation of GDP and binding of GTP to Cdc42. In its active, GTP-bound form, Cdc42 binds to effector molecules, leading to the activation of a variety of signaling cascades regulating cellular processes such as proliferation, survival, invasion and migration. GAP proteins enhance the intrinsic GTPase activity of Cdc42, resulting in GTP hydrolysis and inactivation of Cdc42. Cdc42 activity is further inhibited by GDIs which sequester Cdc42 away from cell membranes, thus preventing its activation.
mammalian cell cycle progression. In fact, Cdc42 seems to be required for both G1-S phase progression and mitosis [26] [27] [28] . In addition to promoting cell proliferation, Cdc42 has been implicated in regulating cancer cell survival, as well as modulating the transcription factors such as SRF [29] , STAT3 [30] and NFkB [31] , which are further involved in the cell growth and survival. These proliferative and survival roles of Cdc42 in cancer biology have been extensively reviewed elsewhere [10] [11] [12] 32] . One recent, intriguing study implicated the activity of Cdc42, as well as other Rho proteins, in the promotion of cellular transformation by altering cell metabolism [33] . It has long been appreciated that cancer cells exhibit abnormal metabolic features when compared to normal cells. In particular, it is well established that cancer cells consume higher levels of glucose and secrete increased amounts of lactate in the presence of oxygen, a phenomenon known as the Warburg effect [34] . In addition to glucose consumption, tumor cells also consume large amounts of the amino acid, glutamine [35] . The TCA cycle is crucial in proliferating cells, because it provides key precursors necessary for macromolecule biosynthesis. High glutamine consumption fosters proliferation by replenishing TCA cycle intermediates allowing for sustained biogenesis of lipids, proteins and nucleic acids [34, 35] . Compared to untransformed cells, mitochondria from the activating Cdc42F28L mutant-transformed fibroblasts exhibit elevated glutaminase activity that is critical for sustained glutamine metabolism. Furthermore, suppression of glutaminase activity by small molecule inhibitors diminished the growth and transformation of Cdc42F28L cells without significantly impacting the growth of control cells, suggesting that the ability of Cdc42 to induce transformation is associated with its ability to enhance the metabolism of cancer cells [33] . Therefore, alteration of cell metabolism to support elevated proliferation of cancer cells may be a novel mechanism by which Cdc42 contributes to cell transformation.
Deregulation of Cdc42 regulators in transformation
Given that the cycling of Cdc42 between active and inactive states is important for its transforming potential, it seems likely that perturbation of regulators of Cdc42 activity may potentiate oncogenesis (Fig. 2) . Cdc42 is positively regulated by a large number of GEFs which stimulate the dissociation of GDP and subsequent GTP binding. Early evidence of cellular transformation following aberrant activation of GEF activity comes from studies of the oncoprotein, Dbl. Dbl was first identified as a transforming gene product following isolation from a human diffuse Bcell lymphoma. Upon further examination, it was determined that oncogenic Dbl is derived from a chromosomal rearrangement resulting in the deletion of the amino terminus of the Dbl proto-oncogene [36, 37] . Studies in NIH 3T3 cells reveal that oncogenic Dbl is highly transforming [38] . Subsequent studies have demonstrated that the transforming activity of oncogenic Dbl results from its ability to inappropriately activate Rho GTPases, including Cdc42 [39] . Another example of deregulated GEF activity found in cancer is the Cdc42-specific exchange factor, Asef2 [40] . Asef2 activity is regulated through binding to the tumor suppressor, APC. Either Asef2 overexpression or mutations in APC that affect Asef2 binding, which are commonly observed in colorectal cancer, can lead to an inappropriate activation of Cdc42 [41] . Consistently, Asef2 loss of function significantly impairs adenoma formation in APC(min/+) mice [42] .
While GEFs act as positive regulators of Cdc42 activity, GAPs act as negative regulators through enhancement of the intrinsic GTPase activity of Cdc42 [4] . Therefore, while high GEF activity results in increased Cdc42 activation, loss of GAP activity could similarly result in the inappropriate activation of Cdc42. In fact, loss of function or downregulation of several Rho GAPs have been observed in a variety of cancer types, suggesting that while GEFs may play an oncogenic role through enhancing Rho GTPase activation, GAPs may play a tumor suppressor role by keeping the GTPase activity in check [4] . Consistent with this idea, DLC-1, a Rho and Cdc42-specific GAP, has been shown to be down regulated in a variety of human cancers including HCC, breast and lung cancers [43] . Furthermore, restoration of DLC-1 expression in human cancer cell lines lacking the endogenous protein resulted in reduced proliferation and colony formation as well as reduced tumor formation in xenograft models, suggesting that DLC-1 can in fact act as a tumor suppressor [43, 44] . It is important to note, however, that while this tumor suppressor function was attributed at least in part to the ability of DLC-1 to inhibit Rho GTPase signaling, to what extent its regulation of Cdc42 contributes to the tumor suppressive phenotype has not been thoroughly explored. • Gastrulation in embryonic development [108] • Hematopoietic stem cell homing and retention in bone marrow and determination of cell fate during hematopoeisis [90] • Axonogenesis, polarity maintenance and fate determination in the neural system [96] • Hair maintenance and β-catenin turnover in keratinocytes [101] • Polarity maintenance and tissue homeostasis in the liver [86] H. sapiens
• Gain of activity through mutation in FGD1 results in faciogenital dysplasia [14] • Overexpression in human cancers, often associated with increased invasiveness and poor prognosis [20] [21] [22] [23] [24] [25] • Increased Cdc42 expression is associated with aging and mortality [107] • Reduced activity in Fanconi anemia patients associated with hematopoetic stem cell homing defects [15] Finally, Cdc42 activity can be further regulated through the activity of Rho GDIs. Like GAPs, these proteins are traditionally thought to inhibit Cdc42 signaling; however, they do so by inhibiting GDP dissociation from Cdc42 and further sequestering the Cdc42 protein away from the cell membranes at which it signals. Thus, Rho GDIs may not simply function to inhibit Rho protein activity, but may also be responsible for shuttling the GTPases between different cellular membranes and thereby altering their signaling [9] . Currently, the correlation between GDI function and oncogenesis is somewhat convoluted. In some instances, GDIs seem to function as tumor suppressors, with a number of reports suggesting that GDIs can suppress tumor cell metastasis [45] [46] [47] [48] . One study observed that GDI expression is reduced in hepatacellular carcinoma and correlates with an increased invasive phenotype and activation of Rho GTPases, including Cdc42 [49] . However, other studies have found that high levels of GDIs correlate with an invasive phenotype [48, 50] . These discrepancies may represent tumor and tissue-specific differences, and may also reflect the complexity of Rho GTPase regulation by GDIs.
3. Cdc42 as a mediator/modulator of oncogenic transformation
Cdc42 in oncogenic Ras induced transformation
While enhanced activation of Cdc42 has been shown to elicit transformation, Cdc42 has also been shown to modify the ability of other oncoproteins, including Ras and EGFR, to induce cellular transformation (Fig. 3) . The ras proto-oncogene is a central component of mitogenic signaling and is mutated in approximately 30% of human tumors [51] . Gain-of-function ras mutations can result in the inappropriate activation of signaling pathways, particularly Raf-MEK-ERK and PI3K-Akt, leading to tumor initiation and progression [51] . Early studies suggesting that Cdc42 is involved in transformation by oncogenic Ras came from experiments in Rat1 fibroblasts. Expression of a dominant negative Cdc42 mutant prevented HRasV12 from inducing colony formation in soft agar [52] . Subsequently, multiple studies have reported that Cdc42 becomes activated upon expression of oncogenic Ras, and it can impinge on Ras-induced signaling pathways [53, 54] . For instance, Cdc42 has been shown to bind and activate PI3K [53] , while one of the Cdc42 effectors, PAK, has been shown to phosphorylate both Raf1 and MEK, thus enhancing signaling through ERK [54] . In addition to studies carried out in rodent cells, transformation of human fibroblasts with HRasV12 is also inhibited upon dominant negative Cdc42 expression. Interestingly, expression of angiogenic factors was downregulated upon Cdc42 inhibition in this model [55] . However, while this effect may account for differences in tumorigenesis in vivo, it does not explain in vitro changes in cell growth. One intriguing study recently identified two separate cellular pools of HRasV12, which associate with distinct signaling complexes at either the plasma membrane or endomembrane. Signaling at the plasma membrane, which is sufficient to activate Raf1, is only weakly transforming, whereas activation of Cdc42 by Ras at the endomembrane is required to achieve full transformation [56] . These studies suggest that Ras signaling can be characterized by the cellular compartment where it occurs, that signaling effects at these various compartments are distinct, and that Cdc42 is vital for the transforming Ras signal emanating from endomembranes. Future studies must address how the Ras-Cdc42 signaling module at endomembrane promotes transformation, and what signaling pathways are involved.
Cdc42 in EGFR signaling
In addition to Ras-mediated transformation, Cdc42 has also been shown to modify cellular transformation resulting from aberrant EGFR signaling [9, 57] . The epidermal growth factor receptor (EGFR) is an oncoprotein which has been found to be overexpressed, mutated, and/or inappropriately activated in a variety of human tumors. EGFR contributes to tumor development and progression through activation of mitogenic signaling pathways. As such, the activity of EGFR is tightly regulated, not only by ligand-mediated receptor activation, but also through a course of receptor endocytosis, degradation and recycling [9] . Maintenance of normal EGFR degradation is critical for prevention of aberrant and sustained mitogenic signal. One function of Cdc42 in this process is as a modulator of EGFR degradation. Through interaction with its effector, Cool-1/β-Pix, Cdc42 associates with the ubiquitin ligase, c-Cbl, which is involved in the initiation of EGFR degradation. Activation of Cdc42 resulted in c-Cbl sequestration and prevention of ubiquitin-mediated EGFR degradation, leading to sustained EGFR signaling and ultimately cellular transformation [57] . In fact, treatment of Cdc42F28L transformed cells with an EGFR inhibitor caused a significant reduction in cell growth [57] . The contribution of Cdc42 to EGFR-mediated transformation is also observed in human cancer models. In breast cancer cells overexpressing EGFR, Cdc42 depletion resulted in a c-Cbl-dependent reduction in EGFR protein, and a consequent reduction in cell growth and migration [58] . In addition to mediating EGFR degradation through the regulation of c-Cbl, active Cdc42 has also been shown to interact with the γCOP subunit of the coatomer protein complex, suggesting that Cdc42 may further regulate EGFR signaling by altering its cellular trafficking [9, 59] . However, the mechanism and extent to which Cdc42-mediated EGFR trafficking may alter EGFR signaling and oncogenesis in primary tumor cells remain unclear. Additionally, whether Cdc42 involvement in vesicle trafficking affects the abundance and/or localization of other cell surface receptors associated with tumorigenesis awaits further examination.
Cdc42 as a mediator of tumor suppressor signaling
In addition to modulation of the transforming activities of oncogenes, Cdc42 can signal downstream of tumor suppressors such as p53, PTEN or NF1 to affect cell transformation elicited following tumor suppressor loss of function. Primary fibroblasts deficient for p53 or p19 ARF exhibit increased cell growth, which is partially dependent on Cdc42 activity. This ability of Cdc42 to influence cell growth upon p53 loss is related to its role in the regulation of NFκB and cyclin D1 activities [60] . Further, Cdc42 has been implicated in p53-mediated changes in cell morphology and apoptosis [61, 62] , whereas activation of Cdc42 following Cdc42GAP deletion resulted in p53-dependent induction of cellular senescence [63] . Parallel to effects on p53 signaling, Cdc42 has also been shown to modulate PTEN and NF1 tumor suppressor signaling. Cdc42, in conjunction with RhoA, has been shown to regulate PTEN localization at the cell surface during chemotaxis [64] , suggesting that Cdc42 contributes to PTEN-mediated tumor suppression by regulating its localization and activity at the cell membrane. Activation of the Cdc42 effector, PAK, has been shown to be necessary for transformation upon NF1 loss. The loss of NF1 results in the deregulation of Ras activity, and the contribution of PAK to NF1-mediated transformation is thought to be dependent on its ability to modulate the activation of ERK downstream of Ras [65] . These studies further propose that, in addition to its ability to mediate transformation by oncoproteins such as Ras and EGFR, changes in Cdc42 signaling can modify transformation associated with the loss of tumor suppressor function.
Cdc42 in cancer cell metastasis
The acquisition of an invasive and motile phenotype is critical for tumor progression and mestastasis. Metastasis is a complex process in which cancer cells must migrate out of the primary tumor site, invade surrounding tissue, intravasate into the blood or lymphatic system, survive while in circulation, and extravasate and initiate metastatic outgrowth at distant organ sites [66] . A number of studies have implicated Cdc42 function in the regulation of multiple steps of this process (Fig. 5) . Consistently, studies in human cancer models have identified Cdc42 as an important regulator of metastasis [67] [68] [69] .
Cdc42 and invadopodia formation
When invasive cancer cells are cultured on an extracellular matrix (ECM) substratum, such as fibronectin or collagen, they extrude actinrich protrusions from their ventral surface into the matrix. These protrusions, termed invadopodia, provide focused regions of proteolytic matrix degradation by matrix metalloproteinases (MMPs) [70, 71] . There is evidence to suggest that Cdc42 is involved in both the formation of invadopodia structures as well as the production and/or activation of MMPs responsible for the ECM digestion necessary for tumor cell invasion (Fig. 4A) . In rat mammary adenocarcinoma cells, Cdc42 activation upon EGF stimulation is required for invadopodia formation [72] . Activation of Cdc42 led to N-WASP and Arp2/3-mediated actin polymerization resulting in the protrusion of invadopodia structures into the matrix [72] . Furthermore, while activation of N-WASP and downstream Arp2/3 complex are required for invadopodia formation, stabilization of the invadopodia structure requires cofilin activity, which may also be modulated by Cdc42 signaling. Additionally, the highly invasive human breast cancer cell line, MDA-MB-231, exhibits high levels of invadopodia activity, and studies in this cell line further implicate Cdc42 activity in the initiation of invadopodia formation through enhanced signaling of a Cdc42-binding protein, CIP4, leading to N-WASP activation [73] . Finally, the Cdc42 specific GEF, FGD1, activates Cdc42-mediated invadopodia formation, and knockdown of FGD1 in human breast and prostate cancer cell lines results in a substantial decrease in matrix degradation [74] . Interestingly, FGD1 expression levels are elevated in human breast and prostate cancer samples compared to normal tissue, furthermore, FGD1 elevation is associated with aggressiveness of tumor grade [74] . Combined, these studies suggest that signaling downstream of Cdc42 is important for invadopodia formation.
Aside from the ability of Cdc42 to regulate actin polymerization through N-WASP and Arp2/3, which is critical for invadopodia formation and persistence, there is also evidence suggesting a role for Cdc42 in the matrix-degrading function of the invadopodia structure through modulation of MMP activities. MT1-MMP is a transmembrane MMP capable of digesting a number of ECM components and cleaving pro-MMP2 leading to its activation [75] . While normal epithelial cells do not express MT1-MMP, MT1-MMP has been shown to accumulate at the invasive front of tumors and is concentrated at invadopodia [75, 76] . Studies in MDA-MB-231 breast cancer cells reveal trafficking of MT1-MMP to invadopodia following Cdc42 activation. Upon Cdc42 activation, one its effectors, IQGAP, complexes with components of the exocyst at invadopodia. RNAi-mediated silencing of either exocyst components or IQGAP resulted in diminished levels of MT1-MMP at invadopodia, suggesting that Cdc42-induced IQGAP binding to the exocyst is crucial for the trafficking of MT1-MMP to invadopodia [76, 77] . Thus, these studies highlight a critical role for Cdc42 activity in the formation of invadopodia structures through the regulation of actin polymerization and in the modulation of invadopodia function through the regulation of MMP trafficking (Fig. 5A ).
Cdc42 in cancer cell invasion and migration
Cancer metastasis is dependent on cancer cell migration, as well as on the ability of the tumor cell to invade the surrounding tissue, break through the basement membrane, and intravasate into circulation. Cancer cell invasion can occur via single or collective cell migration. Often, single cell migration is thought to involve a process termed epithelial-to-mesenchymal transition (EMT), in which tumor cells dissolve their cell-to-cell contacts and take on a more mesenchymal morphology to move through the extracellular matrix aided by the secretion of proteinases [66] . One of the hallmarks of EMT is the loss of the adhesion molecule, E-cadherin, and the acquisition of mesenchymal cadherins, such as N-cadherin, by cadherin switching [66] . One consequence of cadherin switching is the release of the E-cadherin binding protein, p120-catenin, from the cell membrane into the cytoplasm. Once in the cytoplasm, p120-catenin represses RhoA activity and activates Rac and Cdc42 through Vav2 to promote actin cytoskeleton remodeling [69, 78, 79] . Additionally, activation of Cdc42 during mesenchymal cell movement is required to generate the necessary actomyosin contractility for cell movement in the absence of Rho-ROCK signaling. In this context, the Cdc42 effector, MRCK, is necessary for phosphorylation of MLC2, actomyosin contractility, and subsequent cell invasion [80] . Consistent with the involvement of Cdc42 in EMT-mediated cell movement, overexpression of the Cdc42 GEF, ARHGEF9, is commonly observed in hepatocellular carcinoma samples and correlates with increased Cdc42 activation, reduced E-cadherin expression, and an EMT phenotype. Conversely, silencing of ARHGEF9 resulted in a reduction in Cdc42-GTP and restored an epithelial phenotype [68] , correlating Cdc42 signaling with EMT in both mouse models and human cancer. These studies suggest an important role for Cdc42 in EMT-mediated, single tumor cell migration and invasion. In addition to EMT-mediated cell movement, individual tumor cells can take on an amoeboid morphology while migrating through the extracellular matrix. This amoeboid migration is particularly evident in three-dimensional environments and, in contrast to mesenchymal movement, is characterized by a rounded, blebbing cell appearance and invasion through the extracellular matrix independent of proteolytic matrix remodeling [81] . Studies in melanoma cells suggest that in addition to mesenchymal cell movement, Cdc42 activity is also critical for amoeboid cell movement through a 3D collagen matrix. Activation of Cdc42 by the GEF, DOCK10, and subsequent activation of the effectors, PAK2 and N-WASP, is critical for amoeboid cell movement as RNAimediated targeting of DOCK10, PAK2, or N-WASP results in a transition of melanoma cells from an amoeboid to a mesenchymal morphology. However, Cdc42 targeting blocks both amoeboid and mesenchymal movement and overall tumor cell invasion, consistent with the idea that Cdc42 is important for both mesenchymal and amoeboid tumor cell movement [82] . These studies suggest that there may be significant plasticity associated with single tumor cell invasion. Therefore, given the critical role for Cdc42 in both amoeboid and mesenchymal invasion, targeting of Cdc42 would be ideal to broadly inhibit tumor cell invasion.
Tumor cells may also migrate collectively in clusters, a process which is commonly observed in many developmental morphogenesis processes [66, 83] . During collective cell migration, cells at the leading front demonstrate an invasive phenotype and secrete MMPs to make way for the migration of follower cells. In one model of collective cell invasion, expression of podoplanin, a protein which is upregulated at the invasive front of many human carcinomas, induces collective cell migration in the absence of EMT through a process in which Rho, Rac and Cdc42 activities are suppressed [84] . Interestingly, while podoplanin-induced cell migration was characterized by filopodia formation, a characteristic of cell morphology often attributed to Cdc42 activation, in this instance filopodia formation does not require induction of Cdc42 activity. In addition to cancer cell-autonomous mediation of collective cell migration, stromal cells such as fibroblasts may also function as leader cells to initiate collective cancer cell migration. In this context, leading fibroblasts deform the extracellular matrix as they pass through and leave tracks that cancer cells can follow. In contrast to podoplanin-induced collective cell migration, models of fibroblast-led invasion exhibit a requirement for Cdc42-mediated activation of MRCK to allow migration of carcinoma cells behind leading fibroblasts [85] . Therefore, while Cdc42 activity is not required for podoplanin-induced collective cell migration, it is required for collective migration of carcinoma cells behind leading fibroblasts. It remains unclear what accounts for the differential requirement of Cdc42 activity in these two models of collective cancer cell migration. Future studies are needed to elucidate the migratory role of Cdc42 in distinct cellular contexts (Fig. 5B) .
5. Cdc42 as a putative "tumor suppressor" 5.1. Cdc42-mediated "tumor suppressor" activities While there are a multitude of studies suggesting a role for activated Cdc42 in oncogenesis, several recent studies have sprung forth to suggest that in other pathologic contexts, Cdc42 may also function as a tumor suppressor. One such study examined the effect of a hepatocytespecific deletion of Cdc42 in mice. Loss of Cdc42 in the liver resulted in chronic liver damage, hepatomegaly and development of hepotacellular carcinoma (HCC) by 8 months of age [86] . However, the mechanism by which Cdc42 loss results in hyperproliferation and subsequent HCC formation in the liver is not entirely clear -whether hyperproliferation upon Cdc42 loss is directly related to Cdc42 deficiency or is a byproduct of liver damage induced upon Cdc42 loss has not been determined. It is interesting to note that in a model of liver regeneration, elevated levels of Cdc42 transcript correlated with hepatocyte proliferation following partial hepatectomy, suggesting that in this condition, Cdc42 may 4 . Cdc42 activation contributes to tumor cell invasion and migration. Cdc42 activation promotes cancer cell invasion through the regulation of invadopodia formation (A). Via its activity in mediating actin polymerization through N-WASP-Arp2/3 complex, Cdc42 promotes invadopodia structure formation. Additionally, through the IQGAP-mediated regulation of exocyst function, Cdc42 regulates the accumulation of matrix metalloproteinases at the tips of invadopodia, facilitating extracellular matrix degradation. Cdc42 activity is involved in both mesenchymal and amoeboid cell migration, while its ability to regulate MMP-mediated matrix degradation may be important for both mesenchymal and collective cell migration (B).
actually promote hepatocyte proliferation [87] . Furthermore, there are additional reports of Cdc42 upregulation in human HCC samples [88, 89] , which would correlate with an oncogenic role for Cdc42 in promoting human liver tumors. Together, these studies point to a complex role for Cdc42 function in hepatocyte physiology and liver tumorigenesis.
A second example of a putative tumor suppressor role for Cdc42 was from a study examining hematopoietic cell specific deletion of Cdc42. Induced gene targeting of Cdc42 in murine bone marrow hematopoietic stem/progenitor cells resulted in a loss of hematopoietic stem cell quiescence and hyperproliferation of blood progenitors, causing lethality in mice approximately 20 days later. Examination of the Cdc42-deficient mice revealed a skewing of hematopoietic differentiation from erythroid toward a myeloid fate, resulting in the myeloproliferative disease (MPD) [90] . While MPD is not cancer, these studies suggest that Cdc42 loss in blood stem/progenitor cells could initiate a first step of transformation, which, when accompanied by another oncogenic event, could lead to the development of leukemia. This study also demonstrated that Cdc42 plays a critical role in normal hematopoietic by regulating transcriptional programs responsible for determining a myeloid or erythroid fate [90] . Therefore, the "tumor suppressor" function of Cdc42 in this context appears to stem from the ability of Cdc42 to maintain proper cell differentiation as well as regulate progenitor proliferation.
A third example of the putative tumor suppressor function of Cdc42 can be seen in models of neuroblastoma characterized by N-myc amplification. Neuroblastomas with N-myc amplification display deletions of the short arm of chromosome 1 in 90-95% of cases. This chromosomal region contains the cdc42 gene, and one copy of Cdc42 is consistently lost in these cancers [91] . Furthermore, N-myc overexpression in neuroblastoma cells results in reduced Cdc42 expression and ectopic expression of activated Cdc42 in these cells results in neuroblastoma cell differentiation. These data suggest that in certain models of neuroblastoma, Cdc42 may function as a tumor suppressor by promoting differentiation. It is interesting to note however, that while Cdc42 levels were reduced in neuroblastoma cells, they were never lost completely. Additionally, further depletion of Cdc42 in these cells through siRNA-mediated knockdown actually resulted in cell death, complicating the tumor suppressive role of Cdc42 in neuroblastoma. These results suggest that while reduced Cdc42 signaling may promote a less differentiated phenotype, complete loss of Cdc42 is not conducive to tumorigenesis [91] .
Together, these studies support the notion that the effect of Cdc42 signaling in cancer is complex. While Cdc42 and its downstream effectors can be positive regulators in cancer development and progression, it may also function with a tumor suppressive activity in defined physiological conditions. It remains to be seen whether the ability of Cdc42 to prevent tumorigenesis can be generalized beyond the above reported cases.
5.2.
Maintaining cell polarity: a putative mechanism for Cdc42-mediated tumor suppression?
While the underlying mechanism of Cdc42-mediated "suppression" of hyperproliferation and tumorigenesis remains largely unknown, tissue specific gene targeting studies in mice indicate that the role of Cdc42 in cell cycle progression, survival or proliferation varies between cell types [13] . There is evidence suggesting that maintenance of cell polarity could be one way in which Cdc42 contributes to tumor suppression. Most internal epithelial tissues contain a monolayer of polarized epithelial cells enclosing a central lumen. In 3D culture models of Madin-Darby canine kidney (MDCK) cells, Cdc42 is important for establishment of polarized epithelial cysts by regulating the vesicular trafficking of proteins to the apical surface of the cell. This Cdc42-mediated apical exocytosis occurred in a Par6-aPKC-dependent manner and is required for lumen formation [92] . In addition to its ability to regulate epithelial polarity via modulation of protein trafficking to distinct cellular surfaces, the Cdc42-Par6-aPKC signaling complex has been shown to control the formation of normal 3D polarized epithelial cyst structures by altering mitotic spindle orientation and the direction of cell division. In particular, loss of Cdc42, or Par6/aPKC, resulted in aberrant cysts with multiple lumens [93, 94] . The involvement of Cdc42 in the maintenance of planar cell polarity is further corroborated in mouse studies examining pancreatic development. Deletion of Cdc42 in the developing pancreas revealed that Cdc42 is required for apical polarization and is responsible for microlumen formation during the early stages of pancreatic development as well as for maintaining apical cell polarity [95] . However, while the role of Cdc42 in the establishment and maintenance of epithelial polarization is clearly important in development, whether Cdc42 exerts such a role in tumor initiation and/ or progression has not been explored. One example of the close association of Cdc42-regulated epithelial cell polarity with deregulated proliferation comes from a mouse model of forebrain specific deletion of Cdc42, in which mislocalization of the polarity components Par6, aPKC, F-actin and Numb was found associated with a hyperproliferative phenotype of the neural progenitor cells [96] . Given the frequent commonality between developmental pathways and those deregulated in cancer, it may be extrapolated that the Cdc42-mediated maintenance of cell polarity is involved in cancer initiation and/or progression.
Cdc42 regulates the establishment of cell polarity through modulating intracellular vesicle trafficking to the apical cell surface and orientation of the cell division spindle, and further maintains cell polarity by the strengthening of cell-cell junctions. E-cadherin-containing adherens junctions (AJs) are specialized cell-cell adhesion complexes which help maintain proper barrier function and apicalbasolateral polarity in epithelial cells; furthermore, adherens junction disruption has been associated with tumor progression [97] . Activation of Cdc42 is required for the sustained E-cadherin-mediated adhesion at the adherens junction, and strong E-cadherin adhesion requires the linking of adherens junctions to the actin cytoskeleton [98, 99] . E-cadherin is linked to the actin cytoskeleton through interactions with β-catenin which further binds to α-catenin to anchor the cadherin/catenins complex to the actin cytoskeleton. Cdc42 can be linked to the adherens junction via its effector, IQGAP. In the absence of Cdc42 activity, IQGAP binds to β-catenin, displacing α-catenin from the cadherin/catenins complex at the AJ, resulting in the loss of α-catenin-linked actin filaments from the adherens junction and reduced cell-cell adhesion. In contrast, active Cdc42 binds to IQGAP, preventing its binding to β-catenin and subsequent AJ disruption [99, 100] . Therefore, loss of Cdc42 could result in AJ disruption and a loss of epithelial cell polarity that is associated with tumorigenicity. However, it is interesting to note that in the model of HCC induction upon Cdc42 deletion described above, loss of Cdc42 did not cause any significant changes in the localization of the cadherin/ catenins complex [86] , whereas aged mice deficient for Cdc42 in the skin exhibited a loss of cell-cell contacts [101] . This suggests that disruption of adherens junctions upon Cdc42 depletion may be a tissue specific event.
Aside from the role in regulating morphologic cell polarity, Cdc42 may also be involved in the regulation of asymmetric cell division by stem and progenitor cells to affect cell fate determination. Recent studies have suggested that upon loss of polarity, stem and/or progenitor cells lose the ability to undergo asymmetric cell division, and this further contributes to tumor initiation [102, 103] . What role Cdc42 may play in this phenomenon requires further elucidation, particularly in the MPD-phenotype manifesting in the hematopoietic knockout mouse model [90] . However, the idea that the Cdc42-associated polarity pathway is important for cell fate determination has been demonstrated by a Cdc42 knockout study in the skin in which epidermal-specific deletion of Cdc42 resulted in altered cell fate decisions by epidermal progenitor cells [93] . This is correlated to the ability of Cdc42 to regulate levels of nuclear β-catenin downstream of Par6/aPKC-GSK3β. Additionally, while loss of Cdc42 in the skin did not result in tumor formation, epidermal hyperplasia was reported [101] . These studies in skin are consistent with Cdc42 deletion in blood and myc-driven neuroblastomas in which a loss or reduction in Cdc42 seem to promote hyperplasia by preventing normal cell differentiation [90, 91] .
One recent study presented another intriguing explanation for Cdc42 mediated tumor suppression. Warner et al. reported that in Drosophila, as a component of the Par6/aPKC polarity complex, Cdc42 functions as a negative regulator of apoptosis-induced compensatory proliferation in response to tissue damage [96] . Therefore, Cdc42 loss in pre-cancerous or cancerous tissues in which the apoptotic process is compromised could allow proliferation in the absence of cell death, thus promoting tissue/tumor hyperproliferation [104] . These studies illustrate yet another possible tumor suppressive role for Cdc42 by maintaining cell polarity and keeping the compensatory proliferation in check.
Summary
Current evidence indicate that Cdc42 is capable of functioning as either a mitogenic or tumor suppressive signal transducer, a concept that requires further examinations in specific physiologic and pathologic contexts. For instance, it will be important to determine the activity and expression pattern of Cdc42 and its signaling effects during various stages of tumor initiation, tumor maintenance, or tumor metastasis. Whether the pro-oncogenic versus tumor suppressive role of Cdc42 can be accounted for by tissue-type or microenvironment differences is another area for future investigation. Mechanistically, given the seemingly universal role of Cdc42 in establishing and maintaining tissue/cell polarity [13] , it is important to bear in mind that suppression of mitogenic signals that flow through the Cdc42 signaling axis may come at the price of disrupted cell polarity machinery, at least transiently. The combined considerations of these effects may help conclude the feasibility, risk/benefit, and potential efficacy related to the therapeutic targeting of Cdc42 in specific cancer types/stages. Alternatively, it will be interesting to explore the possibility that targeting Cdc42 could synergize with existing chemotherapy for improved outcomes. For instance, targeting leukemia stem cells with chemotherapy may be more effective if the cancer stem cells can be mobilized from their protective bone marrow niche by transiently suppressing Cdc42-mediated cancer stem cell adhesion and polarity. Like the recently appreciated diverse physiological functions of Cdc42 in mouse model studies [13] , future studies of the role of Cdc42 in various tumor types and tumor progression stages promise to reveal much of the complexity and unknowns of the signaling involved.
